Bilirubin dehydrogenase, a membrane-bound enzyme that catalyzes the one-step oxidation of ditaurobilirubin and bilirubin to ditaurobiliverdin and biliverdin, respectively, in the presence of an electron acceptor, was found in Aspergillus ochraceus IB-3, and puriˆed from the membrane fraction through solubilization by Triton X-100. Phenazine and quinone derivatives acted as electron acceptors. Accumulation of ditaurobiliverdin and biliverdin by enzyme catalysis increased the absorbance at 660 nm, which is far from the range of wavelengths aŠected by serum ingredients. The enzyme selectively oxidized ditaurobilirubin at low pH, so changes in the reaction pH enable the enzyme to discriminate between the bilirubin fractions ditaurobilirubin (an example of conjugated bilirubin) and bilirubin (an example of unconjugated bilirubin). Using the enzyme, 2 to 80 mM of ditaurobilirubin were measured accurately by monitoring the changes in absorbance at 660 nm.
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Bilirubin is a product of physiological heme degradation, and is excreted in the urine and feces. It usually accumulates in the blood of most jaundiced subjects and is used as an indicator of hepatobiliary disease. Bilirubin can be measured by the diazo method, 1) HPLC, 2) and a photoelectric colorimetric method.
3) After Tanaka et al. 4, 5) puriˆed bilirubin oxidase (EC 1.3.3.5) from Myrothecium verrucaria MT-1, an enzymatic method was developed, that is of practical use. [6] [7] [8] However, the current enzymatic methods have some problems. For example, bilirubin oxidase oxidizes bilirubin not only to biliverdin, but also to further unknown oxidized substances. 9) This multistep oxidation results in low accuracy. Another problem is the low substrate speciˆcity. Bilirubin oxidase catalyzes the oxidation of substrates other than bilirubin derivatives, such as the substrates of laccases. 10, 11) In the bloodstream, bilirubin exists in free form (unconjugated bilirubin), in conjugated form (monoglucuronide and diglucuronide bilirubin), and in an albumin-bound form (delta bilirubin). It is necessary for clinical diagnoses that the concentration of each form be measured. But the level of each bilirubin fraction measured by current analytical methods shows some disparity depending on the method used. Therefore, a new method with the ability to measure each bilirubin fraction with more accuracy is needed.
We screened for microorganisms producing a novel type of bilirubin-oxidizing enzyme and isolated one, Aspergillus ochraceus IB-3, from soil. In this paper, we describe the properties of an enzyme from this strain. The enzyme, bilirubin dehydrogenase, catalyzes one-step oxidation of ditaurobilirubin and bilirubin with the aid of electron acceptors such as phenazine methosulfate and 1,4-benzoquinone.
Materials and Methods
Chemicals. Bilirubin oxidase from M. verrucaria was obtained from Amano Enzymes (Nagoya, Japan). Bilirubin, ditaurobilirubin disodium salt, and biliverdin dihydrochloride were obtained from Nacalai Tesque (Kyoto, Japan), JBL Scientiˆc Inc. (San Luis Obispo, CA), and Aldrich (Milwaukee, WI), respectively. All other chemicals used were of analytical grade and commercially available.
Cultivation of A. ochraceus IB-3. A. ochraceus IB-3 AKU 3393 (AKU culture collection, Faculty of Agriculture, Kyoto University, Kyoto, Japan) was cultivated for 3 days in a 5-l jar fermentor containing 2.5 l of liquid medium comprising 5z glucose, 0.5z peptone, 0.1z yeast extract, 0.1z KH2PO4, 0.1z K2HPO4, 0.02z MgSO4 ・7H 2 O, and 0.02z ZnSO4 ・ 7H2O (pH 6.0). The cultivation was done at 289 C with aeration at 2.5 l W min and agitation at 300 rpm. Cells were harvested byˆltration, washed with cool distilled water, and kept at "209 C.
Puriˆcation of bilirubin dehydrogenase from A. ochraceus IB-3. Frozen cells (300 g) were mashed and the resultant suspension was homogenized with a blender in 1,000 ml of 20 mM Tris-HCl, pH 7.5. Further disruption was done with glass beads (0.25-0.5 mm) and a Dyno-mill (W.A. Bachofen, Basel, Switzerland) for 60 min at 49 C. The sample was passed through a glassˆlter and centrifuged at 16,500×g for 60 min. The resultant precipitate (membrane fraction) was washed twice with 600 ml of 20 mM Tris-HCl, pH 7.5, and suspended in 600 ml of 20 mM Tris-HCl, pH 7.5, containing 2z (w W v) Triton X-100. The suspension was kept for 2 days at 49 C with gentle mixing and then centrifuged at 16,500×g for 60 min. The resultant supernatant (560 ml) was concentrated by ultraˆltration with an Amicon YM-3 membrane (Millipore, Bedford, MA) to 10 ml. The concentrated sample (10 ml) was put on a Sephacryl S-200 HR column (1.5×90 cm) equilibrated with 20 mM Tris-HCl, pH 7.5, and eluted with the same buŠer at 49 C. The active fractions were combined, dialyzed against 20 mM Tris-HCl, pH 7.5, and then put on a MonoQ HR5 W 5 column equilibrated with 20 mM Tris-HCl, pH 7.5. The enzyme was eluted with linear gradients of NaCl and Triton X-100 concentrations from 0 to 1 M and 0 to 0.5z (w W v), respectively. The active fractions were combined and used for further experiments. SDS-PAGE on a 15.0z polyacrylamide gel and native PAGE on a 7.0z polyacrylamide gel were done as described previously with molecular mass markers.
12)
Enzyme assay. Ditaurobilirubin or bilirubin was used as a substrate for the reaction. The reaction mixture contained, in 200 ml, 20 ml of the enzyme solution, 0.05 mM substrate, 100 mM buŠer, and 0.1 mM phenazine methosulfate as an electron acceptor. The buŠers used were acetate-sodium acetate, pH 5.0, for ditaurobilirubin, and Tris-HCl, pH 7.5, for bilirubin. First, the reaction mixture without the enzyme was incubated at 379 C for 2 min in a 96-well microplate, and then the reaction was started by addition of the enzyme solution. The decrease and increase in absorbance at 450 and 660 nm, respectively, were monitored for 15 min with a microplate photometer (SPECTRA MAX 190; Molecular Devices, Sunnyvale, CA). One unit of enzyme activity is dened as the amount of enzyme that caused a decrease of 1 absorbance unit at 450 nm per minute.
Spectrum transition of bilirubin oxidation caused by bilirubin dehydrogenase or bilirubin oxidase. The spectrum transitions with time during reactions were monitored. Approximately 0.1 U W ml bilirubin dehydrogenase or bilirubin oxidase was used as the enzyme solution. The reaction mixture, in 1 ml, contained 100 ml of the enzyme solution, 0.03 mM bilirubin or ditaurobilirubin, and 100 mM Tris-HCl, pH 7.5. The reaction was started by addition of the enzyme solution and done at 309 C. Absorption spectra were obtained at the reaction times indicated in Fig. 3 .
Measurement of ditaurobilirubin bilirubin with bilirubin dehydrogenase. The reaction mixture contained, in 200 ml, 2 to 80 mM ditaurobilirubin, 100 mM acetate-sodium acetate buŠer pH 4.0, 0.1 mM phenazine methosulfate, and approximately 0.2 U of bilirubin dehydrogenase. The reaction mixture without bilirubin dehydrogenase wasˆrst incubated at 379 C for 2 min in 96-well microplates. Addition of bilirubin dehydrogenase to the reaction mixture started the reaction. Decrease of the absorbance at 450 nm and increase at 660 nm per 0.6-cm light-path length were monitored until the reactions were completed (for 15 min), with a microplate photometer.
Results

Puriˆcation of bilirubin dehydrogenase from A. ochraceus IB-3
From the membrane fraction of A. ochraceus IB-3, bilirubin dehydrogenase was solubilized with 2z (w W v) Triton X-100. The solubilized sample was puriˆed by gelˆltration and ion-exchange chromatography ( Table 1 ). The speciˆc activity toward ditaurobilirubin in the presence of phenazine methosulfate increased 8.5 times during puriˆcation, but only 3.1 times in the absence of phenazine methosulfate. These results suggest that bilirubin dehydrogenase, the activity of which is increased by the presence of an artiˆcial electron acceptor, was speciˆcally puriˆed and contaminating bilirubin oxidase activity was removed. On SDS-PAGE, the puriˆed enzyme gave one major brownish band corresponding to a molecular mass of 8,200 (Fig. 1) , indicating that the enzyme was puriˆed to homogeneity and has some chromophores (the nature of the chromophores is under investigation). When the gel of native PAGE was soaked in a solution containing ditaurobilirubin and bilirubin, the green color arising from oxidation to ditaurobiliverdin and biliverdin was seen around the one major band only, indicating that both ditaurobilirubin-and bilirubin-oxidizing activities were associated with the band. The total activity obtained on gelˆltration was higher than that of the solubilized sample, indicating that the detergent concentration or the removal of contaminating substances aŠected the bilirubin dehydrogenase activity.
EŠects of electron acceptors on bilirubin dehydrogenase activity
The ditaurobilirubin-oxidizing activity of bilirubin dehydrogenase was examined in the presence of various electron acceptors (0.1 mM). Bilirubin dehydrogenase had activity without artiˆcial electron acceptors, however, various electron acceptors increased the enzyme activity (Table 2 ). Phenazine methosulfate, 1,4-benzoquinone, and 1,2-naphthoquinone increased the enzyme activity greatly, and they promoted nonenzymatic oxidation of ditaurobilirubin only a little. NADP(H), NAD(H), FAD, FMN, ATP, cytochrome c, and anthraquinone derivatives were not eŠective. Three typical electron acceptors, phenazine methosulfate, 1,2-naphthoquinone and 1,4-benzoquinone, were selected and their eŠective concentrations were identiˆed (Fig. 2) . Phenazine methosulfate and 1,2-naphthoquinone had the greatest eŠects at concentrations of 0.2 mM, and the peak for 1,4-benzoquinone was at 0.02 mM.
Spectrum transition of bilirubin oxidation caused by bilirubin dehydrogenase
The spectrum transition of bilirubin oxidation by bilirubin dehydrogenase is shown in Fig. 3A . During the reaction, the absorbance at 380 and 660 nm increased. The same spectrum transition was observed for ditaurobilirubin oxidation by bilirubin dehydrogenase under the same reaction conditions (data not shown). After the 240-min reaction (Fig. 3A) , the spectrum had a proˆle similar to that of standard biliverdin (Fig. 3C) , indicating that theˆnal product of bilirubin oxidation by bilirubin dehydrogenase was biliverdin. On the other hand, in the reaction catalyzed by bilirubin oxidase from M. verrucaria (Fig. 3B) , only the absorbance at 440 nm decreased, indicating that the bilirubin oxidation by bilirubin oxidase proceeded further through biliverdin. 
EŠects of pH and temperature on the bilirubin dehydrogenase reaction
Various buŠers (100 mM) at diŠerent pHs (acetateHCl, pH 1.8 to 3.8; acetate-sodium acetate, pH 3.5 to 5.5; potassium phosphate, pH 6.5 to 7.5; and TrisHCl, pH 7.5 to 9.5) were used to identify the optimum pH for the bilirubin dehydrogenase activity with ditaurobilirubin and bilirubin as substrates (Fig. 4) . Ditaurobilirubin was selectively oxidized at low pH, especially at pH 4.0. At pHs higher than 7.0, the activity decreased to less than 30z of the maximum. On the other hand, toward bilirubin, signiˆcant activity was observed at pHs higher than 7.0. This diŠerence of optimum reaction pHs for ditaurobilirubin and bilirubin may be useful for discrimination between bilirubin fractions.
More than 80z of the initial activity remained at pH 4 to 10 after incubation at 379 C for 30 min, and the enzyme was stable at high pH.
The optimum reaction temperature for bilirubin dehydrogenase was found to be 609 C. More than 80z of initial activity remained after incubation at 509 C for 30 min at pH 7.5, but only 70z and 60z remained at 609 C and 709 C, respectively.
Substrate speciˆcity of bilirubin dehydrogenase
No laccase (EC 1.10.3.2) activity was found with bilirubin dehydrogenase in the coupling reaction of 4-aminoantipyrine and various phenolic compounds: phenol, catechol, guaiacol, o-cresol, 2,6-dimethoxyphenol, and 2,2?-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid).
The activity of bilirubin dehydrogenase toward the heme-related compounds, hemine, hemoglobin, protoporphyrin IX, hemocyanin, hematin, coproporphyrin I dihydrochloride, coproporphyrin III tetramethyl ester, uroporphyrin I, and uroporphyrin III octamethyl ester was examined under the standard assay conditions except for replacement of the substrate. Bilirubin dehydrogenase had no activity toward these compounds (no change in the absorbance at 450, 500, 550, or 600 nm). These results indicate that bilirubin dehydrogenase was speciˆc for bilirubin and ditaurobilirubin among the compounds tested. The speciˆc activity of bilirubin dehydrogenase toward bilirubin and ditaurobilirubin was 38.6 U W mg at pH 7.5 and 46.9 U W mg at pH 5.0, respectively.
Measurement of bilirubin concentration by bilirubin dehydrogenase
Preliminary experiments of bilirubin measurement with bilirubin dehydrogenase were done with ditaurobilirubin as the substrate. Both the decrease of absorbance at 450 nm and the increase at 660 nm were proportional to the concentration of ditaurobilirubin in the range of 2 to 80 mM (Fig. 5) . The bilirubin concentration could be measured by monitoring of the change in absorbance at both 450 and 660 nm caused by the bilirubin dehydrogenasecatalyzing reaction.
Discussion
The reactions catalyzed by bilirubin dehydrogenase are shown in Fig. 6 . Bilirubin dehydrogenase had bilirubin oxidase-like activity without any artiˆ-cial electron acceptor, but several phenazine derivatives and quinones increased the activity. The color change (yellow to green) during the reaction caused by bilirubin dehydrogenase was diŠerent from that in the known oxidation reactions of bilirubin oxidases (yellow to colorless). The reaction of bilirubin de-hydrogenase yielded a typical absorption spectrum, the same as that of biliverdin, indicating that the reaction involves one-step oxidation and produces biliverdin as the sole product.
The reaction catalyzed by bilirubin dehydrogenase has two practical advantages for ditaurobilirubin and bilirubin measurement. One is that the reaction is in one step, which makes measurement simpler and more accurate. Bilirubin and ditaurobilirubin are transformed into biliverdin and ditaurobiliverdin, respectively, through one-step oxidation by bilirubin dehydrogenase. The resultant products show absorbance at 660 nm, which is far from the wavelengths aŠected by serum ingredients. On the other hand, bilirubin oxidases oxidize these substrates into a variety of complex products. Therefore, only the decrease in the absorption at 450 nm, where many compounds cause interference, can be used for measurement with bilirubin oxidases.
The other advantage is the substrate selectivity. Bilirubin dehydrogenase has no laccase activity and speciˆcally acts on bilirubin and ditaurobilirubin, not on other heme-related compounds. At low pHs, the oxidation was almost speciˆc for ditaurobilirubin, used as an example of a compound in conjugated bilirubin fractions. At higher pH, bilirubin is a good substrate for the reaction because of its high solubility in alkaline solutions. With lowering of the pH of the reaction mixture, the reaction becomes selective toward conjugated bilirubin fractions. Such properties of the bilirubin dehydrogenase-catalyzed reaction will make diagnostic bilirubin measurements more accurate. Further characterization of bilirubin dehydrogenase, and construction of novel method for bilirubin measurement using bilirubin dehydrogenase are currently in progress.
